Abstract-Space Mapping (SM) is one of the most recognized new developments in microwave CAD in recent years. It overcomes the limitations of speed and accuracy in conventional modeling and optimization and addresses the challenges of ever increasing design complexity, tighter component tolerances and shorter design cycles. It helps achieve EM/physics oriented design with much high efficiency than straightforward use of conventional EM/physics solvers. A highlight of recent advance is neuro-space mapping combining the advantages of neural network learning with the power of space mapping optimization, for both passive and active device modeling and optimization. This paper is an overview of advances in these areas.
Over the recent years, we have witnessed significant advances in modeling and design methodologies to meet the challenges of next generation RF/microwave design. Increasing design complexity, coupled with tighter component tolerances and shorter design cycles, demand design methodologies that are faster, more accurate and automated than possible with conventional CAD methodology. Modeling and optimization with physical/geometrical information, including electromagnetic (EM)/physics effects, become necessary. This trend poses significant challenge to design automation process such as yield optimization requiring highly repetitive evaluation of component models. Due to the computational expense of EM/physics models, simply substituting conventional equivalent electrical models by EM/physics models by conventional optimization methods will not work, because of extremely long or prohibitive computation. Such gap between low-level EM/physics simulations versus high-level design optimization must be addressed in order to meet the needs of next generation CAD. CAD procedures such as statistical analysis and yield optimization taking into account process variations and manufacturing tolerances in the components demands that the component models are accurate and fast so that design solutions can be achieved feasibly and reliably. To achieve first-pass success in the next generation of high-frequency electronic design, we need EM/physics based component solutions on a much larger scale in circuit and systems design optimization.
A design frontier that remains to be conquered is the application of optimization procedures when direct application of traditional optimization approaches is not practical. The recent exploitation of iteratively refined surrogates in conjunction with "fine" or accurate models and the implementation of Space Mapping technology address this issue. Space Mapping is a recent breakthrough in engineering optimization, allowing expensive EM optimization to be performed more efficiently with the help of ideal, fast, approximate or low-fidelity "coarse" or surrogate models [1, 2] .
Space Mapping has been applied with great success to otherwise expensive direct EM optimizations of microwave components and circuits with substantial computation speedup [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Recent advances have been made on mathematical motivation to place Space Mapping into the context of classical optimization. The aim of Space Mapping is to achieve a satisfactory solution with a minimal number of computationally expensive "fine" model evaluations. Space Mapping procedures iteratively update and optimize surrogates based on fast physically-based "coarse" models. The methodology has also been adopted in diverse engineering design applications such as electronic components, magnetic systems, and civil and mechanical engineering structures. Space mapping facilitates efficient optimization while avoiding direct optimization of the detailed fine model. A highlight of recent advance is neuro-space mapping combining the advantages of Artificial Neural Network (ANN) learning with the power of space mapping optimization, for both passive and active device modeling [15, 16] and optimization [17] .
ADVANCES IN SPACE MAPPING
Significant progress is underway towards creating an automated user-friendly Space Mapping Framework (SMF, 2006) . Recent approaches to space mapping-based optimization have included the original algorithm, the Broyden-based aggressive space mapping algorithm, various trust region approaches, neural space mapping and implicit space mapping [6] [7] [8] [9] [10] [11] [12] [13] [14] .
A powerful optimization algorithm that combines Space Mapping (SM) with a novel Output Space Mapping (OSM) has been recently presented. In a handful of fine model evaluations, it delivers for the first time the accuracy expected from classical direct optimization using sequential linear programming. The method employs an SM-based interpolating surrogate (SMIS) framework that aims at locally matching the surrogate with the fine model. A highly optimized six-section H-plane waveguide filter design emerges after only four HFSS EM simulations, excluding necessary Jacobian estimations, using our algorithm with sparse frequency sweeps.
A comprehensive microwave design framework was developed for implementing the original, aggressive, implicit, and response residual SM approaches through widely available software. An instructive "multiple cheese-cutting" example demonstrates the SM approach to engineering design and some possible pitfalls. An Agilent-ADS framework implements the SM steps interactively. A three-section transformer example illustrates the approach, step by step. A six-section H-plane waveguide filter design emerges after four iterations, using the implicit SM and the response residual (RRSM) optimization entirely within the design framework. An RRSM surrogate is developed to match the fine (HFSS) model. We use sparse frequency sweeps and do not require Jacobians of the fine model.
Theoretical justification of SM methods were recently presented. A formal definition of optimization algorithms using surrogate models based on SM technology is given. Convergence conditions for the chosen subclass of algorithms are discussed and explained using a synthetic example, the so-called generalized cheese-cutting problem. An illustrative, circuit-theory based example is also utilized to further demonstrate the practicality of the theory. A space mapping design framework, space-mapping-based interpolation for engineering optimization, and TLM-based modeling and design exploiting space mapping have been developed. A recent review of the SM technique is presented in [12] . The most recent breakthrough in the area includes a software package for userfriendly space mapping optimization (SMF) [13] , and extension of SM to modeling of microwave devices [14] .
ADVANCES IN NEURO-SPACE MAPPING
Significant progress has been made in combining artificial neural network technology and space mapping into an advanced CAD algorithm [15] [16] [17] . Recently a method called neuro-space mapping (Neuro-SM) is developed for automated modeling of nonlinear devices. It is a systematic computational method to address the situation where an existing device model cannot fit new device data well. By modifying the current and voltage relationships in the model, Neuro-SM produces a new model exceeding the accuracy limit of the existing model. In a further step, a novel analytical formulation of Neuro-SM is developed to achieve the same accuracy as the basic formulation of Neuro-SM (known as circuit-based Neuro-SM) with much higher computational efficiency. Through our derivations, the mapping between the existing (coarse) model and the overall Neuro-SM model is analytically achieved for DC, small-signal, and large-signal simulation and sensitivity analysis. The analytical formulation is a significant advance over the circuit-based Neuro-SM, due to the elimination of extra circuit equations needed in the circuit-based formulation. A 2-phase training algorithm utilizing gradient optimization is also developed for fast training of the analytical Neuro-SM models. Application examples on modeling HBT, MESFET, and HEMT devices and the use of Neuro-SM models in harmonic balance simulations demonstrate that the analytical Neuro-SM is an efficient approach for modeling various types of microwave devices. It is useful for systematic and automated update of nonlinear device model library for existing circuit simulators.
